properties of confined water have been computed as a function of the size of the nanopore and the temperature of the system. Analysis of the results shows that the dynamical and transport properties of water are significantly affected by the confinement, which is explained in terms of the layering of water on the surface of HAP as a consequence of the molecular interactions between the water molecules and the calcium and phosphate ions at the surface. Using molecular dynamics simulations, we have also computed the slip length of water on the surface of HAP, the value of which has never been reported before.
Introduction
The main mineral phase of mammalian bone is carbonated hydroxyapatite [1] (HAP), which grows as nanometric platelets on a collagen matrix [2] , and for this reason, HAP-based materials are of significant importance in the field of biomaterials owing to their clinical applications as bone cements [3] or scaffolds in bone tissue engineering [4] . After the mineral and organic phases, water occupies the largest volume fraction in bone, and therefore the role of water in calcified tissues has been extensively studied [5, 6] . Water molecules within the bones can be classified as "bound" and "free". Water molecules that are directly coordinated to the calcium ions in the bulk of the HAP crystal, or that are strongly adsorbed to the organic phase of the bond, represent structural bone water. Free water molecules, on the other hand, occupy the different porosity levels of the bone tissue. The movement of this bulk water is known to contribute to bone activity through the remodelling of signal Abstract Bone tissue is characterized by nanopores inside the collagen-apatite matrix where fluid can exist and flow. The description of the fluid flow within the bone has however mostly relied on a macroscopic continuum mechanical treatment of the system, and, for this reason, the role of these nanopores has been largely overlooked. However, neglecting the nanoscopic behaviour of fluid within the bone volume could result in large errors in the overall description of the dynamics of fluid. In this work, we have investigated the nanoscopic origin of fluid motion by conducting atomistic molecular dynamics simulations of water confined between two parallel surfaces of hydroxyapatite (HAP), which is the main mineral phase of mammalian bone. The polarizable core-shell interatomic potential model used in this work to simulate the HAPwater system has been extensively assessed with respect to ab initio calculations and experimental data. The structural (pair distribution functions), dynamical (self-diffusion coefficients) and transport (shear viscosity coefficients)
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59 Page 2 of 14 transmissions. Obtaining insight into bone's ability to transport fluid by quantifying the bone permeability is a challenging topic of contemporary bone biomechanics.
The bone tissue is characterized by three levels of porosity: the vasculature, the lacunar-canalicular network and the nano-size spaces inside the collagen-apatite matrix [7] . However, the role of nanopores on the fluid flow within the bone has been largely overlooked, most likely because the description of fluid flow has so far been restricted to a double-porosity approach involving vasculature (Haversian system) and submicrometre pores of the canalicular network [8, 9] . In the framework of porous media theory, the bone interstitial fluid flow is macroscopically described by a Darcy law obtained by upscaling a description of the flow at the pore scale to the macroscopic scale organ [10, 11] .
Determining the behaviour of fluids confined in hydroxyapatite nanopores would be of great interest to improve our understanding of bone and bone graft materials. However, methods based on continuum mechanics are not suited when dealing with fluid transport in nanopores where it is crucial to have an atomic-level description of the interactions occurring at the interface between the hydroxyapatite and the fluid.
In fact, in HAP pores with a size not much larger than few nanometres, surface effects such as hydration, ionwater interactions and steric interactions, may induce changes to the fluid properties and can therefore play a significant role in transport phenomena at the nanoscale. For instance, the crystalline swelling stage of slowly hydrated clays has been observed experimentally [12] and interactions with the platelet surfaces have been shown to modify diffusion and hydrodynamic flow [13] .
Molecular dynamics (MD) simulations based on an atomistic description of the particles of the system are capable of taking into account, for example, surface and hydration effects that otherwise would be inaccessible from a continuum description of the system. Molecular simulation is therefore the method of choice to describe confined fluid behaviour.
In this paper, we present MD simulations of water confined between two parallel surfaces of hydroxyapatite. Various properties of the confined water, including its structure, self-diffusion coefficients and shear viscosity, have been computed as a function of the size of the nanopore and the temperature. The simulations reported in this paper present a novel way to simulate hydrodynamics within the bone at the nanoscopic scale. Using these simulations, we have also determined hydrodynamic properties of water within the bone at the macroscopic scale, including the dynamic viscosity of confined water and the slip length of water at the HAP surface.
Molecular dynamics simulation

Hydroxyapatite structure
The hydroxyapatite unit cell can be represented as (Ca 10 (PO 4 ) 6 (OH) 2 ). Its crystal structure is described as an approximate hexagonal close packed set of spheres in which each sphere represents a tetrahedral PO 3− 4 ion (see Fig. 1 ). Hydroxyapatite is normally present in the form of thin micro-plates with dimensions (L × l × e) in which L = 250-500 Ä , l = 150-250 Ä and e ∼ 25Ä [14] .
The simulation box is described by the Cartesian coordinate system (x, y, z) associated with the orthogonal basis (x, y, z) as shown in Fig. 2 . This simulation box consists of a parallelepiped cell with a 2 × 2 × 3 slab of hydroxyapatite crystal and a water layer whose height varies from 10Ä to 100Ä. The initial density of water is set to its bulk value under standard conditions, which is given by 1000 kg m−3. Cell parameters and crystallographic data of Sudarsanan and Young [15] are used for the initial configuration of the hydroxyapatite structure (a = b = 9.424Ä, c = 6.879Ä, space group P6 3 /m symmetry).
Method and simulation parameters
The HAP platelets and water layers (whose thickness may vary depending on the confinement degree that is studied) are stacked in a periodic fashion in the z-axis (see Fig. 2 ). Note that the inter-platelet distance, which represents the thickness of the water layer, is more or less controlled by the number of water molecules that are put into the initial simulation box. For instance, the initial box presented in this figure contains 310 water molecules which corresponds to an inter-platelet distance of approximatively 25Ä after equilibration.
The interactions between particles were represented by the interatomic potential model previously developed by de Leeuw [16, 17] for HAP and water systems, which includes electronic polarizability via the shell model of Dick and Overhauser (see Table 1 ) [18] .
This model describes the polarizable oxygen ions by a shell representing the electronic charge cloud connected to a core by a spring with a rigidity constant k. The shells can be treated by two approaches. The first one consists in using massless shells and performing a shell-only energy minimization at each time step. The second one is to assign a small mass to the shells that obey the normal dynamic laws. Here, we adopt this second strategy and introduce a shell mass of 0.2 μm. This value is small enough compared to the hydrogen atom mass (1.0 μm) to avoid energy exchange between the vibrations of oxygen core and shell and oxygen and hydrogen vibrations [16] . The core shell water model is empirically fitted to reproduce the experimental dipole moment, O-H bond length and H-O-H angle of the water monomer, and the structure of the water dimer [19] . The directionality of the covalent bonds with the experimental H-O-H angle is reproduced via a Morse potential. The long-range electrostatic interactions between the charges of all species were computed using the Smoothed Particle Mesh Ewald (SPME) method with the acceptable relative error of 10 −6 [20] . All our simulations were performed with the molecular dynamics code DL-POLY 4.5 [21] . The integration algorithms are based on a Verlet leap-frog scheme. Because of the small mass of the shell, a small time step of 0.1 fs was used to maintain the system stability. Periodic boundary conditions were applied in all directions of the box. Figure 2 shows the side view of the water-HAP simulation box at the beginning (left) and after 100 ps in NVE ensemble (right) (Ca = grey, P = yellow, O phosphate and O water = red, O OH = green, H = white). Note that this figure (right) shows the configuration in the NVE ensemble before switching the simulation to the NPT ensemble. The number of initial water molecules will a posteriori determine the inter-platelet distance (see color online). More precisely, the simulation method corresponds to a two-step strategy: initially, it runs under NVE conditions for 100 ps to equilibrate the system and then switches to NPT conditions at different temperatures and p = 1 atm, with anisotropic pressure scaling, so that each side of the simulation box changes independently. After 50 ps equilibration in the NPT ensemble, the data collections are performed for at least 500 ps. We have used the Nosé-Hoover algorithm for the thermostat and barostat, as this algorithm can be performed under both NVT and NPT conditions, thus keeping the simulations consistent, with relaxation times of 0.5 ps [22] . Following the methodology used by de Leeuw [17] , we have set the simulation temperature at 310 K, and we verified that the temperature fluctuated by less than 10 K during the production period, which was of at least 500 ps for all systems considered in the present study. The production run produces the system properties at each 1 fs, including structure, averaged properties, which are used to compute the atom densities, radial distribution functions. The root mean square displacements of the atoms are sampled every 1 ps to determine the self-diffusion coefficients. In addition we performed hydrodynamic simulations by applying an external driving force in order to mimic a Poiseuille flow and obtain the parabolic velocity profiles after at least 1 ns (see Sect. 3.4).
Justification of the interatomic potential model
The polarizable shell-model water potential [16] used in the present study has proven successful in describing the structure of liquid water in contact with biominerals such as calcite [23] and aragonite [24] [16, 23] . For example, the values of the surface calcium-water distances of calcite obtained using the polarizable model are in very good agreement with experimental data and The number of initial water molecules will a posteriori determine the inter-platelet distance ab initio calculations, as well as with other water potential models (see Table 2 ). Moreover, the Ca-O w distances of Ca(H 2 O) n hydrated clusters (n = 1-8) computed using the Ca-water polarizable model is very close to density functional theory calculations [26] (see Fig. 3 ), and it performs significantly better than other non-polarizable models (see Fig. 3 ). The average O w -O w distance in our bulk water is 2.975Ä, which is very close to the experimental value of 2.976Ä obtained from microwave spectroscopy [27] . The number of H-bonds obtained for the core-shell model bulk Hydroxy hydrogen (H) +0.400 -- Morse potential:
Three-body potential:
water (3.8) compares well with the average number of H-bonds obtained from simulations of water using ab initio forces (n HB = 3.3-3.8 depending on the type of theory) or other water potentials, like the TIP3P (n HB = 3.7) or the extended simple point charge (SCP/E) potentials (n HB = 3.5 [28] ) (see Table 3 ). We have also assessed the accuracy of the core-shell interatomic potential model with respect to the hydration energy of the calcium ion. We used the free energy perturbation method [43] , in which the calcium ion is made to "disappear" in water by gradually switching-off the ion charge and the ion-water interaction terms. This was achieved by conducting thirteen independent, consecutive MD simulations where the charge on the calcium q Ca 2+ was set to:
where the parameter c takes N c intermediate values such 2.3 ± 0.1 ≡Ca-coordinated water, X-ray scattering [40] 2.50 ± 0.12 Table 3 Distribution of the number of hydrogen bonds per water molecules for the water molecules that are part of the first hydration shell of the calcium ion and for bulk water
Values obtained using the polarizable core-shell model, the non-polarizable TIP3P water model, and ab initio methods [23] . Temperature is 300 K unless otherwise stated. The values given are percentages of molecules with the given number of hydrogen bonds [28] a Range of average HBs for different density functionals [42] b 518 water molecules using DL POLY Number of hydrogen bonds where ln designates the natural logarithm function, the angle brackets �·� are used to denote a configurational averaging over the ensemble of configurations representative of the initial state of the system defined by the dumping parameter α i , U( α i ) is the configurational energy and β = 1 kT in which k is the Boltzmann constant and T is the temperature. Moreover, in Eq. (4), U av ( α i+1 ) is the average configurational energy of the simulation controlled by the parameter α i+1 . For every value of α i , MD simulations of one calcium ion in 2027 water molecules were performed for 200 ps, and the simulations were conducted sequentially. The free energy of hydration of Ca 2+ obtained using this approach is −310 kcal mol −1 , which is close to the values of free energy obtained using the Buckingham
Ca-O w along with the rigid TIP4P and TI3P water models (−309 kcal mol −1 ) [34] . This value is approximately 10 % lower than the experimental hydration free energy measured by David et al. [44] (whose the value is −345 kcal mol
−1
) . The ability of the core-shell potential model to describe the dynamics of the water molecules coordinated to Ca 2+ was determined by applying the "direct approach" proposed by Hofer et al. [45] : the whole MD trajectory was scanned for movements of water molecules, either entering or leaving a coordination shell of the calcium ion, and whenever a water molecule crossed the boundaries of this shell, its path was followed, and if its new position outside/ inside the shell lasted for more than a time parameter t * , then the event was accounted as "real". For the time parameter t * , we have chosen the value of 0.5 ps because this has been shown to give a good measure of ligand exchange processes [45, 46] . The mean residence time (MRT) of water molecules was computed using the following expression:
where t sim was the simulation time (800 ps), CN av the average coordination number of calcium (8.25) and N ex the number of accounted exchange events (640) obtained from the MD simulation of Ca 2+ in water. The MRT time obtained using the polarizable potential model is 10 ps, which compares quite well with the MRT value of 23 ps obtained from ab initio simulations of Ca 2+ [46] . In fact, the MRT obtained using a non-polarizable calcium-water Lennard Jones interaction potential [47] with the rigid SPC/E water model [48] was found to be significantly higher (217 ps). Figure 4a reports the number density profiles of the oxygen and hydrogen atoms of water molecules for the pore with a size H ≡ 80Ä. The corresponding mass density profile of water is also shown (Fig. 4b) . Density distributions for other pore sizes (H ≡ 40Ä and H ≡ 60Ä) do not display significant differences from those reported in Fig. 4 . In proximity to the surface, the strong interaction with the calcium and phosphate ions decreases the mobility of water and leads to the formation of three hydration layers. In the central zone of the channel, the density oscillates around the value of 1.28 g cm −3 , which is a quarter higher than the experimental density of water, but comparable to the value of 1.25 g cm −3 reported by Pan et al. [49] in a molecular dynamics study of rigid nonpolarizable SPC water in Fig. 3 Distance between Ca 2+ and oxygen in water molecule versus number of water molecules. Shell model results (filled diamond, dashed line) [23] were obtained using the core-shell model employed in this study; (square box) Density Functional Theory results [26] ; (asterisk) results from MD simulations using polarizable potential (SWM4-NDP) [41] ; (circle) polarizable potential model [42] , (triangle) Raiteri force field [34] contact with the (001) and (100) crystal faces of HAP. It should be mentioned that the high density is a feature of the water core-shell model and was reported in the original paper by de Leeuw and Parker [16] , and even ab initio MD simulations in the framework of the generalized-gradient approximation to density-functional theory yields overstructured liquid water compared to experiment [50] .
Results and discussion
Local density profile of water
(5) MRT = t sim × CN av N ex ,
Structural properties of confined water in the bulk and at the interface
A snapshot from the MD simulations of water confined between two platelets of HAP (Fig. 2) (right) shows the interactions between water molecules and the phosphate and calcium ions, where it is possible to observe molecules of the solvent being able to penetrate into the hydroxyl group channels at the surface. However, more quantitative information regarding the structural properties of water in the bulk and at the interface with HAP can be determined by the radial pair distribution function (RDF), g αβ (r), which represents the probability, relative to a random distribution, of finding an atom of type β at a distance r from an atom of type α:
where n αβ (r) is the number of atoms of type β, which are in the spherical layer r at the distance r from the atoms of type α, N β /V is the average density of atoms of type β. To simplify, the RDF will be denoted g(r) in the graphics. The RDFs for the oxygen-oxygen (on the one hand), oxygen-hydrogen, and hydrogen-hydrogen (on the other hand) pairs of the confined water molecules in thickness layer of 10Ä located in the central zone of the channel as computed from MD simulations at different temperatures are reported in Figs. 5 and 6, respectively.
Regarding the temperature effect, as expected, the peak heights are slightly reduced when the temperature increases, in agreement with previous works using SPC/E, SPC/Fw and TIP4P/2005 models [51, 52] . At 298 K, the RDF between oxygen atoms shows two peaks centred at 2.98 and 5.7Ä, with the respective maximum values of 3.6 and 1.3 (see Fig. 5 ). This result can be compared to the experimental values for bulk water of 3.1 and 1.1 [53] . Similarly, the peaks of oxygen-hydrogen RDF at 2.12 and 3.23Ä are in agreement with experimental values of 1.9 and 3.2Ä (see Fig. 6 ). The peak values of 0.85 and 1.3 are also comparable with the experimental ones of 1.0 and 1.3 [53] . Finally, the hydrogen RDF profile presents a peak at However, more relevant to this work is the effect of HAP on the structure of water that is coordinated to the surface. In Fig. 5 , we therefore report the oxygen-oxygen RDFs for the layer of water molecules that are at a distance of less than 5Ä from the HAP surface; this corresponds to the first two layers of water on the surface of HAP (see Fig. 4b ). These profiles show a significant decrease in the first and second maxima, which we related to a reduction in the number of hydrogen bonds because of the interactions of the water molecules with the calcium and phosphate ions at the surface.
To quantify the interactions of liquid water with the surface of HAP, we have computed the RDFs between calcium ions and water oxygen atoms (O w ), and the RDFs between oxygen atoms of the phosphate groups (O) with water hydrogen atoms (H w ) (see Fig. 7) . Again, the temperature only slightly changes these profiles. The first peak of these two RDF profiles corresponds to the water molecules adsorbed to the HAP surface, and they are respectively centred at 2.43Ä for the Ca-O w pair and 1.88Ä for the O-H w pair. These values are in good agreement with comparable simulations dealing with solvated Ca ions [54] , and phosphate groups [55] . The second peak in the Ca-O w and P-H w profiles corresponds to the second layer of water, and it is interesting to notice that both RDFs display a structuring that is not present in the pair distribution functions of Ca-O w and P-H w obtained from MD simulations of aqueous solutions of Ca 2+ [46] and PO 3− 4 [55] . For example, the structure of the second peak in the Ca-O w RDF is given by the convolution of two peaks centred at approximately 4.25 and 5Ä, respectively. We relate this to the layering of water on the surface of HAP, which is more pronounced than that observed in aqueous solutions containing isolated calcium and phosphate ions.
Self-diffusion coefficients of water
An important dynamical property of the confined liquid that can be obtained from MD simulation is the self-diffusion coefficient (D) of water, which is given by the slope of the mean-squared displacement (MSD) of the oxygen atoms [56] :
where r i (0) and r i (t) are, respectively, the initial position vector and the position vector at time t of the ith oxygen atom, N O W is the number of O W atoms. The diffusion coefficient of water can then be obtained by applying the Einstein equation ��r 2 (t)� = 6Dt. The variation of the MSD as a function of time, for different distances (H) between the two platelets of HAP , is illustrated in Fig. 8 . We verified that the simulations were sufficiently long to ensure the convergence of the slope of the MSD. Figure 9 displays the dependence of D on the temperature T and the size of the pore, which shows that the self-diffusion coefficients increase with the temperature applied to the system (for H ≡ 60Ä, D changes from At the molecular-level, this can be explained in terms of the interactions occurring between the molecules of the solvent and the ions of the HAP surface: for small values of the inter-platelets distance H, a significant proportion of water molecules are coordinated to the phosphate and/or calcium ions of the HAP surface. These molecules have a reduced mobility compared to bulk water because the mean residence time of water in the solvation shell of another water molecule is approximately 25 times longer then the mean residence time of water in the first coordination shell of a calcium ion [45] .
As the size of the pores increases so does the proportion of water molecules that are above the three layers of adsorbed water molecules (see the density profiles in Fig. 4) and that have therefore a bulk-like behaviour.
In order to determine the extent of the confinement's effect on the dynamics of water, we have to compare the self-diffusion coefficients reported in Fig. 9 with the diffusion coefficient in the bulk water. To pursue this analysis, we have conducted a series of MD simulations of liquid water in a cubic cell where the length of each side L was set to 20, 30, 50 and 60Ä. From these simulations, the sizeindependent diffusion coefficient of bulk water can then be calculated using the following equation [57, 58] :
where D L pbc is the diffusion coefficient determined using the periodic boundary conditions and a cubic cell of size L, k B is the Boltzmann constant, T is the temperature and η is the viscosity of bulk water. The comparison of the diffusion coefficients of liquid water in the nanopores (see Fig. 9 ) with the diffusion of bulk water (Fig. 10) clearly shows that the confinement of water has a significant effect on its dynamical properties. For example, at 310 K and for the largest of the nanopores considered in this study (H ≡ 60Ä), the diffusion coefficient of water decreases by approximately 30 %.
The shear viscosity of water in bone nanopores
We have computed the shear viscosity η of water between the two platelets of HAP using the hydrodynamics and the pressure-shear rate methods [59] . The hydrodynamics approach mimics the Poiseuille flow by applying to each molecule of the fluid a constant external force f x parallel to the surface (x is here the direction of the flow). Assuming the fluid is a continuous medium with a constant density in the pore, the Navier-Stokes equation predicts a parabolic velocity profile, from which the shear viscosity η can be estimated using the following relation:
where u x is the fluid velocity in the x direction and ρ v is the density of water. The second approach to evaluating fluid viscosity uses the relation between the off-diagonal pressure P xz (z) = f x z 0 ρ v (ξ )dξ and the local shear rate du x /dz:
Note that the negative of the pressure tensor is called the stress tensor. In the integral definition of the off-diagonal pressure P xz , z = 0 corresponds to the symmetry plane between the two solid platelets located at z = ±H/2. We first report the results obtained using the hydrodynamics approach to estimating the dynamic viscosity of confined water. Thus, after the two-step simulation described in Sect. 2.2, each water molecule is submitted to an external force f x = 4.3 × 10 −3 kcal mol −1Ä−1 . This force value was chosen because it gave a good numerical signal-to-noise ratio in the least expansive time of computational. Note that this value did not affect the calculated viscosity coefficients. We checked that the same values of the viscosity were obtained by performing simulations with smaller values of f x . Similar strategies have been successfully used when studying hydrodynamics in clay nanopores [60] . Figures 11, 12 , and 13 show the velocity profiles for different inter-platelet distances (H ≡ 40Ä, H ≡ 60Ä, H ≡ 80Ä). As expected, the profiles have parabolic form and their curvature provides the estimation of fluid viscosity, via Eq. (9): η = 0.38 cP for 40Ä, 0.40 cP for 60Ä and 0.40 cP for 80Ä. These values are 12 and 7 % lower, respectively, than the viscosity of bulk water, 0.43 cP, which was estimated using Eq. (8) from MD simulations conducted at 310 K.
For the purpose of comparison, we also computed the viscosity from the pressure-shear rate relation (see Eq. (10)). The results are presented in Fig. 14 where the viscosity variations across half of the pore are given for different sizes of the pore. The viscosity is almost uniform across the pore reaching a value around 0.4 cP (except in z = 0 where the integral term in the definition of the offdiagonal pressure P xz is zero), which is close to the one obtained using the Poiseuille profiles.
The shear viscosities obtained in this work are smaller than the experimental ones (typically 0.652 cP, measured at 313 K and 1 atm [61] or 0.70 cP, obtained from a fit of experimental data [62] at 310 K). Recently, using Poiseuille At the same temperature, for bulk water, Fanourgakis et al. [64] calculated the shear viscosity of rigid water models via equilibrium MD methods and found a value of η of 0.549 for SPC/E, 0.347 for TIP4P and 0.753 for TIP4P/2005. As there are not many simulated data of water viscosity for human in vivo conditions (T = 310 K, p = 1 atm), we computed the viscosity at the ambient temperature and compared with the literature. Table 4 reports previous works on the shear viscosity of water around ambient temperature, using both with equilibrium and non equilibrium methods. It shows a wide difference in different water models. The TIP4P/2005 water model provides the best prediction with the deviation of 4-16 % from the experimental value. The SPC/E model is slightly worse. In general, the errors are about 8-30 %. The TIP4P model and SPC model underestimate the value of the viscosity. The deviation falls into the interval of 35-55 % for the SPC model and 37-48 % for the TIP4P model. The viscosity of core shell model obtained in this work is 55 % lower than the experimental value and similar to the values obtained from the TIP4P model. Consequently, it seems that the core-shell water model is not well adapted to the estimation of confined water viscosity since it tends to underestimate its value.
Slip boundary condition
In most applications concerning a fluid flowing over a solid surface, and especially in the bone fluid flow within the bone porous structure, a no-slip velocity condition is widely used because it is simple and often produces results in agreement with experiments. However, these observations that support the no-slip concept are essentially based on macroscopic evidence and may not necessarily apply when considering nanoscopic length scales. Over the past decade, many experimental and numerical proofs of a slip phenomenon occurring at the liquid-solid interfaces have been proposed [79, 80] . Neglecting such a slip phenomenon when quantifying fluid flows at the nanoscale could induce a strong underestimation of its value.
In order to model this effect, a Navier boundary condition, which states that the extent of liquid slip is proportional to the velocity gradient at the wall, should be introduced:
where L s is the slip length, u x the fluid velocity parallel to the x-direction u s x and ( ∂u x ∂z ) s are the fluid velocity at the HAP surface and its normal derivative at the HAP surface, respectively. These two values could be determined from the parabolic fit of the simulated velocity profile. Thus, a key point in the determination of the slip length is to properly situate the position interface. Here we used the density jump that can be observed when crossing the calciumwater interface to properly define this position. Finally, by considering the different parabolic profiles obtained for various pore widths, we obtain an average value of the slip length L s ≡ 1.88Ä. To the best of our knowledge, there is no published experimental or numerical determination of the slip length of water on hydroxyapatite surfaces. Note that for other mineral-water systems (sodium montmorillonite and SPC/E model of water), the typical slip length ranges from 2 to 6Ä. Furthermore, using the relation between the contact angle and the slip length as proposed by Sendner et al. [81] , it could be possible to connect our slip length with wettability measurements of water on HAP substrates. Thus, according to the range of contact angles of water on hydroxyapatite ceramics made of natural bone measured by Joschek et al. [82] (44.6 • ± 15.4 • ), the slip length should be in the range of 1.8-2.8 Ä .
Our simulated result falls into this range and therefore provides the first estimate of the slip length of water on HAP. For a macroscopic flow, the ideal boundary condition given by a 'no-slip' condition, i.e. the zero fluid velocity relative to the solid at the fluid-solid interface, has been very successfully used in many situations. For a nanoscopic flow, the Navier model and slip length coefficient are usually used to account for the non-ideal boundary conditions at the wall. So, the slip length coefficient can be interpreted as a measure of the non-ideal boundary conditions at the wall. This coefficient is an interface property that depends on the fluid-solid interaction, which is accurately described by the interatomic potential method used in the present work, and its calculation should not be impacted by the shear viscosity of the fluid. In fact, the Navier boundary condition shows that the slip length coefficient is given by the ratio of the fluid velocity at the HAP surface and its normal derivative at the HAP surface (see Eq. (11)), and this ratio should be independent of the shear viscosity. Consequently, the underestimation of the shear viscosity should not affect the accuracy in the evaluation of the slip length of water on the surface of HAP.
Conclusion
In this paper, we have simulated liquid water confined between hydroxyapatite nanopores using atomistic molecular dynamics simulations with a polarizable core-shell model to describe the HAP-water system. From these MD simulations, several structural and dynamical properties of the water confined in HAP nanopores were computed as a function of the temperature and the size of the pore. The results obtained from simulations were coherent with those reported experimentally. In particular, we demonstrated that the diffusion of water in nanoscale pores of HAP is drastically reduced compared with bulk water because of specific molecular-level interactions occurring at the surface between the molecules of the solvent and the calcium and phosphate ions. We have also reported the first estimate of the value of the slip length of water on the surface of hydroxyapatite, which is 1.88Ä.
The results obtained from this work are important to obtain a better understanding of how molecular level interactions control fluid flow within the bone as it has been suggested that liquid water may exist in pores of HAP of just a few nanometres. In fact, such pores may exist in bone and neglecting the nanoscopic origin of fluid motion within the bone volume may result in large errors on the overall description of the fluid flow within the bone volume. 
